INTRODUCTION {#SEC1}
============

Recent advances in next-generation sequencing technologies and genome assembly algorithms, together with the results of various large-scale genome projects, such as the Genome 10K Project ([@B1]), the Bird 10K Project ([@B2]) and i5K ([@B3]), have enabled the accumulation of a huge volume of genomic sequences from various species. These genome sequences are usually stored in public databases, such as the NCBI Reference Sequence database ([@B4]), the Genome OnLine Database ([@B5]), the UCSC genome browser database ([@B6]) and Ensembl Genomes ([@B7]); they have been used to uncover genomic similarities and differences between different species and the functional consequences of such similarities and differences. Comparative genomics studies have contributed to a better understanding of the molecular-level mechanisms of species diversity and genome evolution ([@B8]--[@B12]).

Synteny blocks, which are genomic regions that are conserved among multiple species, play a pivotal role in comparative genomics. Various algorithms and tools have been introduced for the construction and utilization of synteny blocks, such as CYNTENATOR ([@B13]), DRIMM-Synteny ([@B14]), i-ADHoRe 3.0 ([@B15]), inferCars ([@B16]), OSfinder ([@B17]) and Sibelia ([@B18]). They are stand-alone and command-line tools, and users need to download and install them on a users' machine. Therefore, the construction of synteny blocks using such tools requires computer resources, and advanced bioinformatics skills to properly prepare input data and running command-line programs.

To alleviate these difficulties, more user-friendly tools for utilizing and visualizing synteny blocks have been developed. For example, GenomeMatcher ([@B19]), Mauve ([@B20]), MizBee ([@B21]) and SyMap ([@B22]) are stand-alone synteny browsers that support graphical user interface. Gbrowse_syn ([@B23]) and Sybil ([@B24]) are web-based software packages for comparative genomics that need to be installed and configured in users' own machines. GSV ([@B25]) and mGSV ([@B26]) are web-based synteny viewers that help to visualize user-provided synteny information. Cinteny ([@B27]) is a web server for identifying synteny blocks and analyzing genome rearrangements. CoGe ([@B28]), VISTA ([@B29]) and Ensembl SyntenyView ([@B30]) are web-based platforms that perform various analyses for comparative genomic studies. Genomicus ([@B31]) is a web browser that displays the homologous genomic contexts of different species. C-Sibelia ([@B32]) is a web server for comparing assemblies to a reference genome together with the annotation of variants in genes. GRIMM-Synteny ([@B33]) is a web server for analyzing genome rearrangements by using the list of genomic markers represented by numbers with the annotation of variants in genes. However, different tools still have different weaknesses, such as only supporting pairwise comparison, requiring the generation of synteny information by users, limited features for visualization and not supporting the saving or downloading of high-quality images (Supplementary Data for tool comparison).

Here, we present Synteny Portal, a versatile web-based application portal that allows for construction, visualization and browsing of synteny blocks by compensating limitations of existing tools. With Synteny Portal, users can easily (i) construct synteny blocks among multiple species by using prebuilt alignments in the UCSC genome browser database ([@B6]), (ii) visualize and download syntenic relationships as high-quality images, (iii) browse synteny blocks together with genetic information and (iv) download the details of synteny blocks that can be used as input for downstream synteny-based analyses, all in an intuitive and easy-to-use web interface.

MATERIALS AND METHODS {#SEC2}
=====================

Data preparation {#SEC2-1}
----------------

### Data collection {#SEC2-1-1}

We collected genomic information on well-studied reference species, including human, mouse, cow, dog, horse, pig, rat, rhesus, chicken and zebra fish, from the UCSC genome browser database ([@B6]), which includes genome assembly sequences, gene annotation, whole-genome pairwise alignments of the reference species in the chain and net format ([@B34]), cytobands and assembly sizes of the reference species. In total, 458 whole-genome pairwise alignments for 67 different species, including 124 different assembly versions and 33 assembly sequences for the ten reference species with different assembly versions are available on our web server. Gene/protein identifiers annotated with seven different criteria, such as Wiki Genes ([@B35]), RefSeq genes and proteins ([@B4]), Entrez genes ([@B36]), Ensembl genes, transcripts and proteins ([@B7]), allow for searching and browsing user-provided gene/protein identifiers. The mapping information using different identifiers was obtained from the Uniprot website (<http://www.uniprot.org/>) and the biomaRt package from Bioconductor ([@B37]).

### Synteny block construction and visualization {#SEC2-1-2}

Synteny blocks were built using the inferCars program package ([@B16]) with four different resolutions (150, 300, 400 and 500 Kbp). Specifically, pairwise collinear genome segments (PCGSs) of two species (i.e. a reference species and another species) are first collected from pairwise whole-genome alignments. Then, to create multiple collinear genome segments (MCGSs), two PCGSs are merged by splitting the PCGSs of one species at positions corresponding to the boundaries of the PCGSs of the other species based on the coordinates of the reference genome. This merging process repeats until the PCGSs of all species are merged, and the final MCGSs, which are larger than the given resolution, are reported as synteny blocks. If outgroup species are provided, which is optional, genomic regions of the outgroup species matched to each of the calculated synteny blocks are added. Syntenic relationships are visualized through the Circos program ([@B38]) and converted to an interactive version on the website with JavaScript. The BLAST program ([@B39]) is used to search for a top-matched region in the reference genome based on the user-provided DNA or protein sequence with default parameter values (Supplementary Data).

### Implementations {#SEC2-1-3}

The Synteny Portal website is implemented with the HTML5 and JavaScript libraries, including jQuery (<http://jquery.com>), d3.js (<http://d3js.org/>) and GenomeD3Plot ([@B40]) for the client-side user interface, and by PHP scripts (5.3.3) for interactive data processing. The server-side processes are generated by Perl scripts (v5.22.0).

RESULTS {#SEC3}
=======

Synteny Portal overview {#SEC3-1}
-----------------------

Synteny Portal provides four main web applications: SynCircos, SynBrowser, SynSearcher and SynBuilder. SynCircos visualizes synteny blocks against a user-selected reference and target species in an interactive Circos plot. SynBrowser displays more details of synteny blocks with annotated reference genes. SynSearcher finds syntenic regions in other species based on query sequences. Finally, SynBuilder constructs synteny blocks among multiple chosen species. These four applications generate the high-quality Circos plots or records of synteny blocks that can be downloaded in various formats, including SVG, PNG, JPEG and PDF.

SynCircos {#SEC3-2}
---------

SynCircos depicts synteny blocks in an interactive Circos plot. Users can select a reference species, which is the reference of pairwise whole-genome alignment, multiple target species, target chromosomes and a resolution for the minimum size of a homologous reference block. The syntenic relationships among chosen species are visualized as an interactive Circos plot (Figure [1A](#F1){ref-type="fig"}), which can be downloaded in various formats. Ribbons connect homologous blocks in different species that belong to the same synteny block and users can highlight a specific syntenic relationship by placing a mouse pointer on a specific ribbon.

![Examples of SynCircos and SynBrowser outputs. (**A**) A representative Circos plot generated by SynCircos, which compared three species and their specific chromosomes (Human: chr1, chr3, chr5, chr6, chr8, chr12, chr15, chr19; Mouse: chr1, chr3, chr7, chr17, chr18; and Cow: chr3, chr9, chr10, chr14, chr17, chr22). The highlighted ribbons represent syntenic relationships between human chromosome 1 and the chromosomes of the other species. (**B**) A representative image generated by SynBrowser which shows the relationships between human chromosome 3 and the related mouse chromosomes. The coordinates of homologous blocks in each synteny block can be seen when a specific genomic region is selected (the khaki-colored box in the center of the image). The red triangle indicates the position of the user-queried gene. (**C**) A representative gene browser produced by SynBrowser which shows the genes of the reference species (human in this image) in synteny blocks. Details of the annotated genes are provided via links to the UCSC genome browser.](gkw310fig1){#F1}

### Inputs to SynCircos {#SEC3-2-1}

SynCircos requires user-selected reference and target species, genome assembly version of the selected species, chromosome number, a resolution for the synteny blocks and an image format for visualization in the Circos plot.

### Outputs of SynCircos {#SEC3-2-2}

The outputs of SynCircos is an interactive Circos plot. Tracks and ribbons in the Circos plot represent the chromosomes and cytobands (if any) of the chosen species and the syntenic relationships among different species, respectively. Figure [1A](#F1){ref-type="fig"} shows a highlighted synteny block in human, mouse and cow.

SynBrowser {#SEC3-3}
----------

SynBrowser displays more details of syntenic relationships between two species (i.e. a reference and a target species), whereas SynCircos shows a global view of syntenic relationships among multiple species. SynBrowser presents homologous blocks between the two species in an interactive graphical form (Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). Users can easily highlight specific homologous blocks via exact genomic coordinates in a floating window. SynBrowser also provides two ways of navigating synteny blocks: (i) chromosome-level navigation, by clicking on a specific reference chromosome in a chromosome legend on the left of a webpage, and (ii) region-level navigation, by specifying a coordinate of a reference chromosome. Genes within a synteny block can also be navigated using a gene browser through a direct search for a specific gene with a variety of gene identifiers, such as RefSeq, Wiki Gene and Entrez Gene. The images in SynBrowser can also be downloaded in multiple formats.

### Inputs to SynBrowser {#SEC3-3-1}

To visualize the pairwise synteny blocks, SynBrowser needs only four user-selected parameters: a reference species, a reference chromosome, a target species and a synteny block resolution. Synteny blocks containing a specific gene or protein can be found by searching for a gene or protein identifier. Users can directly move to a chosen position in the reference genome by providing specific coordinates.

### Outputs of SynBrowser {#SEC3-3-2}

The outputs of SynBrowser are a plot showing connections between homologous blocks between two species and a gene browser displaying reference genes within synteny blocks. Figure [1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"} show highlighted homologous blocks between human and mouse in the same synteny block, along with their coordinates and reference genes within the synteny block. The red triangle in Figure [1B](#F1){ref-type="fig"} indicates the location of a gene searched for by users.

SynSearcher {#SEC3-4}
-----------

SynSearcher searches for a reference genome sequence and finds the best-matched region based on a user-provided DNA or protein sequence by BLAST query; synteny blocks encompassing the top-matched reference region are retrieved (Figure [2A](#F2){ref-type="fig"}). The results are provided to users in two different formats: (i) the details of BLAST search results and the coordinates of synteny blocks as a text file, and (ii) an interactive Circos plot highlighting the retrieved syntenic relationships (Figure [2B](#F2){ref-type="fig"}). The Circos plot can be downloaded in various formats, and the text file can also be downloaded for downstream analyses with minor modifications.

![Flowchart and outputs of SynSearcher. (**A**) Given a DNA or protein sequence in the FASTA format, SynSearcher finds matching regions in a reference species using a BLAST search and returns pairwise synteny blocks containing the matched regions of the reference species. (**B**) The outputs of SynSearcher (white box, BLAST search results and the coordinates of pairwise synteny blocks; below, the Circos plot) for seven species (human, chimpanzee, gorilla, mouse, cat, dog and chicken) given a user-provided sequence.](gkw310fig2){#F2}

### Inputs to SynSearcher {#SEC3-4-1}

A user-provided DNA or protein sequence can be directly inserted in a text box or uploaded as a file in a FASTA format. Users can also select a reference and target species with a chosen resolution.

### Outputs of SynSearcher {#SEC3-4-2}

The results consist of (i) the details of the BLAST output for the top-matched alignment result, (ii) the coordinates of identified pairwise synteny blocks and (iii) a Circos plot visualizing the synteny blocks. Figure [2B](#F2){ref-type="fig"} shows synteny blocks obtained from seven species (human, chimpanzee, mouse, gorilla, chicken, cat and dog) given a user-provided sequence.

SynBuilder {#SEC3-5}
----------

SynBuilder creates synteny blocks for user-selected species (a reference, target and optional outgroup species) with a chosen resolution using the inferCars program ([@B16]). Specifically, pairwise whole-genome alignments between the reference and the target species are first collected and then homologous genomic regions are identified, and, finally, co-linear genomic regions among the chosen species are grouped into synteny blocks (Figure [3A](#F3){ref-type="fig"}). If outgroup species are selected, matched genomic regions between the outgroup species and a reference species are added to the synteny blocks. The results of SynBuilder consist of (i) the coordinates of the synteny blocks as a text file, and (ii) an interactive Circos plot depicting syntenic relationships (Figure [3B](#F3){ref-type="fig"}). The Circos plot can be downloaded in various formats, and the text file can also be downloaded and used for downstream analyses with minor modifications.

![Flowchart and outputs of SynBuilder. (**A**) Given options (a reference species, target species, and optional outgroup species, and a resolution) selected by users, SynBuilder creates synteny blocks using pairwise whole-genome alignments between the reference and the other species. (**B**) The output of SynBuilder (white box, coordinates of synteny blocks; below, the Circos plot) for four species (human, chimpanzee, gorilla and mouse) with three outgroup species (cat, dog and chicken).](gkw310fig3){#F3}

### Inputs to SynBuilder {#SEC3-5-1}

SynBuilder requires the selection of a reference, target and optional outgroup species, and a resolution for the synteny blocks.

### Outputs of SynBuilder {#SEC3-5-2}

The results of SynBuilder are (i) the coordinates of synteny blocks and (ii) an interactive Circos plot depicting syntenic relationships among the chosen species.

CONCLUSION {#SEC4}
==========

Synteny Portal facilitates studies on comparative genomics through easy construction of synteny blocks, intuitive graphical representation with a high-quality image format and easy-to-use querying and browsing functionalities. Synteny Portal enables a user with a lack of computational skills to perform comparative genomic analyses. The current version only works with prebuilt whole-genome alignments because of long computational time and high computational resource requirements for online creation of whole-genome sequence alignments. However, whole-genome alignment data will be periodically updated via mirroring of data in the UCSC genome browser database. In addition, our website will be updated to support the whole-genome alignment of user-provided genome sequences with additional reference species in future. We believe that Synteny Portal will serve as a highly valuable tool that will enable biologists to easily perform comparative genomics studies.

AVAILABILITY {#SEC5}
============

The Synteny Portal web server is available at <http://bioinfo.konkuk.ac.kr/synteny_portal/>.

Supplementary Material
======================

###### SUPPLEMENTARY DATA

SUPPLEMENTARY DATA {#SEC6}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkw310/-/DC1) are available at NAR Online.
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